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INTRODUCTION AND SUMMARY 

Trends f o r  projected space experiments and appl ica t ions  of 
space technology ind ica t e  fu tu re  demands f o r  energy c o l l e c t o r s  
and t r ansmi t t e r s ,  r e f l e c t o r s ,  communication antennas,  and Earth- 
resource sensors  of  increasingly l a rge  surface areas .  However, 
means f o r  e f f i c i e n t l y  packaging, deploying, and s t r u c t u r a l l y  
supporting such sur faces  do not  appear t o  e x i s t ,  e spec ia l ly  when 
t h e  a reas  must be very la rge .  

Solar -ce l l  a r r ays  c o n s t i t u t e  a cur ren t  appl ica t ion  of l a rge -  
area space s t ruc tu res .  Extensible  booms have been used t o  deploy 
and support  so l a r - ce l l  a r rays  of varying areas. Hughes A i r c r a f t  
Company, Reference 1; Jet Propulsion Laboratory ( J P L ) ,  Reference 
2 ;  and Lockheed Missiles and Space Company, Incorporated (LMSc), 
Reference 3 ,  have s t u d i e d  and b u i l t  so l a r - ce l l  a r r ay  systems i n  
which, genera l ly ,  one o r  two booms a r e  used t o  deploy and tension 
a blanket  w i t h  a t tached c e l l s  and bussing. B u t  Reference 4 
and rout ine  sca l ing  analyses  show t h a t  a scale-up of such boom 
concepts f o r  very l a rge  s o l a r - c e l l  b lankets  would r e s u l t  i n  a 
subs t an t i a l  increase i n  the  s t r u c t u r a l  weight f r a c t i o n s  of the  
systems. Besides t h i s  sca l ing  problem, these boom-deployed, 
planar  sur faces  are not  useful  f o r  co l l ec t ing  and concentrat ing 
rad ian t  energy, o r  f o r  accomplishing the  o ther  poss ib le  t a sks  
f o r  which l a rge  areas are required.  This type of planar  arrange- 
ment is not  s t r u c t u r a l l y  deep. Accordingly, it i s  not  w e l l  
su i t ed  f o r  minimizing thermal d i s t o r t i o n s  o r  otherwise maintaining 
dimensional s t a b i l i t y ,  as might be required by a l a rge  antenna, 

For these  reasons,  another  s t r u c t u r a l  concept is  examined 
herein.  I t  i s  t h a t  of a segmented and hinged rim, supported by 
spokes joined t o  a common hub as p ic tured  i n  Figure 1. I t  i s  
c l e a r l y  based on t h e  same concept as a spoked wheel, However, 
Figure 1 a l s o  ind ica t e s  t h a t ,  by segmenting and hinging t h e  
r i m ,  t h i s  s t r u c t u r e  can be compactly packaged and deployed. 

This deployable s t r u c t u r e  is described and some of i t s  uses  
are discussed i n  the  present  repor t .  I n  addi t ion ,  a prel iminary,  
parametric ana lys i s  i s  performed t o  estimate weight f r a c t i o n s  
of the  s t r u c t u r e  when it i s  designed f o r  deploying and supporting 
so la r - ce l l  a r r ays  of l a rge  areas. The design requirement t h a t  
dominates the  ana lys i s  i s  t h a t  t he  blanket  must be s u f f i c i e n t l y  
tensioned t o  provide a spec i f ied  v ib ra t iona l  frequency. The 
s t r u c t u r a l  components are designed t o  withstand t h e i r  reac t ions  



b) P a r t i a l l y  
deployed Spoke 

R i m  segment 

c) Ful ly  deployed JJ 

Figure 1. Segmented-Rirn S t ruc tu re  for  Deploying Space Equipment 
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t o  t h a t  tension.  Assumptions are made i n  the  ana lys i s  which 
enable rapid est imat ion of weight. The r e s u l t s  a r e  bel ieved t o  
be accurate  enough t o  demonstrate t rends ;  of  course,  de t a i l ed  
design may introduce moderate changes i n  weights. 

The a n a l y t i c a l  r e s u l t s  show t h a t  s t r u c t u r a l  weight f r a c t i o n s  
f o r  the  deployable-rim concept w i l l  be s i g n i f i c a n t l y  smaller than 
those f o r  the  e x i s t i n g  boom-deployed arrays.  A s  t he  areas are 
increased,  while t he  required v i b r a t i o n a l  frequency is held 
constant ,  the  weight f r a c t i o n s  increase subs t an t i a l ly .  A sca l ing  
r e l a t ionsh ip  between con t ro l  f requencies  (hence v ib ra t iona l  
f requencies)  and b lanket  a rea  i s  suggested f o r  t h i s  appl ica t ion ,  
where t h e  funct ion of the  cont ro l  system i s  t o  maintain the  
angular o r i en ta t ion  of t h e  blanket  t o  the  sun within c e r t a i n  pre-  
scr ibed l i m i t s .  When t h a t  r e l a t ionsh ip  i s  observed, t he  increase 
i n  s t r u c t u r a l  weight f r a c t i o n  with area is  not  as g rea t  as when 
the  frequency is  held constant .  These r e s u l t s  are presented 
graphical ly .  

The r e s u l t s  show t h e  deployable r i m  t o  be a feasible and 
e f f i c i e n t  means f o r  deploying s o l a r  a r r ays  of la rge  areas .  
These p o t e n t i a l s  should be more f u l l y  examined, and similar 
inves t iga t ions  should be made of the  spoked-wheel capab i l i t y  
f o r  deploying o ther  types of l a rge  surfaces. 
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DESCRIPTION O F  THE DEPLOYABLE SPOmD WHEEL 

Design aspects  of t h i s  foldable  s t r u c t u r e ,  independent of 
u t i l i z a t i o n ,  are descr ibed below. Subsequently, a few appl ica-  
t i o n s  are discussed,  with emphasis on the  deployment of s o l a r -  
c e l l  a r rays .  

Design A s p e c t s  

Figure 1 dep ic t s  the general  concept of  t h i s  r i g i d ,  non- 
spinning deployable s t ruc tu re .  I ts  r i m  i s  foldable  because of 
the  manner i n  which it is  segmented and hinged. Two sets of 
spokes s t r u c t u r a l l y  s t a b i l i z e  the  r i m ,  one set extending t o  each 
end of the common hub. The hub axis i s  perpendicular  t o  t he  
plane of t h e  deployed r i m .  Thus,  t he  concept u t i l i z e s  the 
s a m e  s t r u c t u r a l  p r inc ip l e s  a s  t he  ordinary spoked wheel, except 
t h a t ,  i n  t h i s  case, the  r i m  i s  foldable .  

The  r i m  must cons i s t  of an even number ( four  o r  more) of 
equal-length,  hinged segments, i f  it is t o  fold as shown i n  
Figure 1. Two methods of hinging w e r e  conceived t h a t  permit 
folding of t h e  r i m .  One method is  shown i n  Figure 2 ,  where each 
j o i n t  between the  r i m  segments is seen t o  involve two hinges 
and an intermediate  block. The two hinges j o i n  ends of adjacent  
r i m  segments t o  the  block. The two hinges on a block have axes 
t h a t  l i e  i n  the same plane bu t  are not  p a r a l l e l .  A s  shown i n  
Figure 2 ,  each hinge axis  must be perpendicular  t o  t h e  hub axis, 
as w e l l  as t o  the  a x i s  of t he  r i m  segment t o  which it i s  at tached.  
So hinged, t h e  r i m  deploys f r e e l y  so  long as t h e  midlengths of 
a l l  r i m  segments move synchronously i n  a r a d i a l  d i r e c t i o n  from 
the  hub ax is .  Accordingly, each segmemt of the r i m  deploys by 
r o t a t i n g  about i t s  own midlength while t r a n s l a t i n g  r a d i a l l y  
outward. 

The second method of hinging uses  only one hinge i n  t h e  
j o i n t  between adjacent  segments, b u t  the  segments undergo ro ta -  
t i o n s  about their  axes as they deploy. That method and i t s  
a n a l y t i c a l  de r iva t ion  are descr ibed i n  the  at tached Appendix A. 

To deploy e i t h e r  of these  two types of r i m s ,  it is  necessary 
t o  apply torques a t  the  hinges t o  cause synchronized spreading 
of a l l  j o i n t s .  One method of applying t h e  torques can be t o  
i n s t a l l  preloaded to r s ion  spr ings a t  t h e  hinges and t o  m e t e r  

4 



a) Packaged 

b) Partially deployed 
I 

c) Fully deploy 

i 

Figure 2. Two-Hinge Method f o r  Deploying Rim 
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the  spokes outward t o  ensure synchronized spreading of a l l  t h e  
hinges.  This method w a s  employed i n  a demonstration model which 
was based on t h e  single-hinge concept described i n  t h e  appendix. 
Another method would be t o  use synchronized motors. For ins tance ,  
t h e  example shown i n  F i g u r e  2 could include motors mounted on 
each intermediate  block. W i t h  in ter locked gears ,  each motor would 
torque and r o t a t e  the  adjacent  ends of t h e  r i m  segments. Figure 3 
i s  a schema of t h i s  motor-driven method. 

A s  indicated i n  Figure 4, f l e x i b l e  spokes are metered 
outward as t h e  r i m  i s  deployed. Each j o i n t  i n  t h e  r i m  i s  support- 
ed by two spokes extending t o  opposi te  ends of the hub (see 
Fig.  4 ) .  I n  t h i s  arrangement, each p a i r  of spokes, when ten-  
s ioned,  funct ions as a t r u s s .  Each can be kept  tensioned through- 
out  deployment. Therefore,  these  spoke t r u s s e s  can a t  a l l  t i m e s  
s t a b i l i z e  each r i m  j o i n t  aga ins t  forces  i n  e i t h e r  a x i a l  o r  
r a d i a l  d i r e c t i o n s  ( r e l a t i v e  t o  t h e  hub a x i s ) .  

For t h i s  arrangement, d i f f e r e n t i a l  metering of t he  spokes 
w i l l  be required,  as may be noted i n  Figure 4 from the d i f f e r i n g  
lengths  among the spokes during deployment. T h i s  w i l l  r equi re  
t h a t  t h e  metering mechanism be f a i r l y  complex, though not  inordi-  
na t e ly  so. 

The  hub of the s t r u c t u r e  may have severa l  funct ions.  One 
t h a t  it m u s t  have i s  t o  form, along w i t h  t h e  spokes, t he  s t r u c t u r -  
a l  t r u s s e s .  S ince  t h e  spokes w i l l  be tensioned,  the hub, as w e l l  
as the  r i m ,  w i l l  be compressed. The length of t he  hub may depend 
on design c o n s t r a i n t s ,  b u t  i t s  proport ion t o  t h e  lengths  of  t he  
spokes w i l l  have a l a rge  inf luence on the  t r u s s  s t i f f n e s s .  A s  
shown l a t e r  i n  t h i s  r epor t ,  the  s t i f f n e s s  of the  t r u s s e s  aga ins t  
de f l ec t ion  i n  the  d i r e c t i o n  of t he  hub a x i s  increases  g r e a t l y  
as t h e  length of the hub i s  increased.  

Other funct ions of the hub may be t o  provide support f o r  
t he  whole s t r u c t u r a l  assembly during launch, t o  house the spoke 
reels and t h e i r  mechanisms, and t o  accommodate stowage of the  
equipment t h a t  the deployed s t r u c t u r e  w i l l  eventual ly  support .  

Applicat ions 

This  generic ,  spoked-wheel s t r u c t u r e  might be used t o  deploy 
and support  any of the  following types of large-area equipment: 
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R i m  
s e g m e n t  

Figure 3 .  S c h e m e  f o r  M o t o r - D r i v e n  R i m  D e p l o y m e n t  
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a )  Packaged I 

Spokes t o  
f r o m  bo th  
of hub 

block - 
ends 

b) P a r t i a l l y  deployed 

Figure 4.  Deployable Rim with  Spokes and Hub 
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Ref lec t ing  sur faces  f o r  antennas o r  solar-energy co l l ec -  
t o r s  and concent ra tors  

Radio-frequency lenses  

So la r - i r r ad ia t ion  shades 

Micrometeorite s h i e l d s  

Solar -ce l l  a r r ays  

I n  genera l ,  i f  they are t o  be deployed, such sur faces  o r  arrays 
a s  these must be fur lab le ,  fo ldable ,  o r  otherwise compactable. 
I f  so ,  they can be stowed on o r  about any o r  a l l  of t h e  s t r u c t u r a l  
components ( i . e . ,  r i m  segments, spokes, o r  the hub) .  Deployment 
of these  surfaces o r  a r r ays  would usua l ly  accompany deployment of 
t h e  s t r u c t u r e  so t h a t  both deployments occur synchronously and 
employ the same mechanisms. 

Some of t he  following methods of a t t ach ing  and deploying the 
equipment l i s t e d  above have been considered. 

Ref lec t ing  surfaces . -  For parabol ic  antenna d i shes ,  conduct- 
ing screens on r i g i d  pa rabo l i c  r ibs  (based on t h e  concept devel- 
oped by Lockheed f o r  the  NASA Applications Technology S a t e l l i t e )  
could be deployed and supported by t h e  spoked wheel. With t h e  
ou te r  ends of t h e  ribs supported by t h e  r i m ,  and t h e  inner  ends 
supported by the  hub, thermal d i s t o r t i o n s  of the ribs would be 
g r e a t l y  reduced. 

Also, the spoked-wheel concept can be used t o  deploy and 
support  a paraboloid-shaped m e s h ,  formed by a t tach ing  w i t h  "drop- 
cords" t h e  mesh t o  the spokes. This concept i s  inves t iga ted  i n  
Reference 5.  

A t h i r d  app l i ca t ion ,  f o r  ei ther an antenna d i s h  o r  a s o l a r -  
energy c o l l e c t o r ,  c o n s i s t s  of using t h e  p re sen t  s t r u c t u r a l  concept 
t o  deploy and support  a conica l  surface.  Such a sur face  can be 
stowed by e l a s t i c a l l y  wrapping it about t h e  hub. The cone, used 
as an antenna, would reflect  rays  t o  a secondary, smaller, r i g i d  
sur face  which would focus t h e  rays.  This  concept of a conica l  
and a secondary r e f l e c t o r  has  been inves t iga ted  by the Jet  Pro- 
pulsion Laboratory, a s  reported i n  Reference 6. 

Radio-frequency lenses.-  The amount of ga in  t ha t  can 
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be achieved by increasing the  s i z e  of a r e f l e c t o r  antenna is  
usual ly  l i m i t e d  by the rms path-length e r r o r  t h a t  r e s u l t s  from 
geometric imperfections i n  the  r e f l e c t o r  surface.  Ruze, i n  
Reference 7 ,  der ived the  following approximate formula f o r  t h e  
ac tua l  gain y of a c i r c u l a r  antenna with a f i l l e d  aperture:  

where 

and 

= gain f o r  t he  ideal  antenna 

= aper ture  e f f i c i ency  f a c t o r  accounting f o r  
a l l  sources of l o s s  except those due t o  
sur face  imperfections t h a t  a f f e c t  path 
length 

YO 

D = aper ture  diameter 

X = wavelength of electromagnetic r ad ia t ion  

6 = rms value Of e r r o r  i n  phase a t  t he  aper ture  
plane,  measured i n  d is tance  

For a standard paraboloidal  r e f l e c t o r ,  t he  value of 6 i s  
approximately equal t o  t w i c e  t h e  rms surface imperfection (as 
measured by t h e  amplitude of geometric devia t ions  from t h e  
ideal r e f l e c t o r  shape) .  For a given type of r e f l e c t o r  construc- 
t i o n ,  t h i s  rms surface imperfection tends t o  be d i r e c t l y  propor- 
t i o n a l  t o  the  aper ture  diameter. Accordingly, 6/D i n  Ruze's 
formula i s  approximately constant .  Therefore,  f o r  a given value 
of h , t he  formula shows t h a t  gain can be increased only t o  a 
c e r t a i n  maximum value by increasing D ; f u r t h e r  increase i n  D 
only decreases  the gain.  

T h i s  s i z e  l i m i t a t i o n  can be avoided by using a lens-type 
antenna. With a l e n s ,  phase synchronization a t  t he  aper ture  
plane i s  achieved, no t  by equal iz ing pa th  length,  bu t  by delaying 
phases of t he  rays  by varying degrees over the aper ture .  Optical-  
l y ,  t h i s  i s  accomplished by a shaped, t ransparent  d i e l e c t r i c .  
For radio-frequency wavelengths, appropriate  d i e l e c t r i c s ,  such 
as foamed p l a s t i c s ,  can s i m i l a r l y  be used. For l a rge  aper tures ,  
however, the weight and s torage volume can be g r e a t l y  reduced by 
u t i l i z i n g  an a r r a y  of l ightweight ,  phase-delaying e l e c t r o n i c  
devices ,  e i t h e r  pass ive  o r  a c t i v e  ( i .e. ,  an a r t i f i c i a l  

10 



d i e l e c t r i c ) ,  The pos i t i on  of each device is not  extremely 
c r i t i c a l ;  it i s  only necessary t h a t  the  device in t e rcep t  most of 
i t s  assigned rays and accurately delay t h e i r  phase. Thus, a r r ays  
(aper tures )  of such devices  can be of a l a r g e r  aper ture  than can 
r e f l e c t o r s  and s t i l l  avoid severe loss of  gain due t o  geometric 
imperfections.  

One method of providing such a lens-type antenna f o r  space 
i s  t o  mount t h e  a r r ay  of  phase-delaying devices  (which now func- 
t i o n  as an a r t i f i c i a l ,  shaped d i e l e c t r i c )  on a f l e x i b l e  blanket ;  
The b lanket  could be packaged on the  spoked-wheel s t r u c t u r e ,  and 
subsequently be deployed and tensioned by the  spoked wheel i n t o  
a f l a t  plane,  a conica l  shape, o r  another suitable shape, This 
packaging and deployment could be accomplished by methods s i m i l a r  
t o  those d e t a i l e d  la ter  f o r  so l a r - ce l l  a r r ays  mounted on blankets .  

Solar  - i r rad ia t ion  shades and micrometeorite sh ie lds .  - Large 
shades and sh ie lds  may be considered f o r  var ious uses .  For 
instance,  shades have o f t e n  been considered f o r  l imi t ing  s o l a r  
i r r a d i a t i o n  of cryogenic f u e l s  during t h e i r  stowage i n  space. 
Experimental and m i l i t a r y  equipment might pose s imi l a r  require-  
ments f o r  l a rge  shades o r  sh ie lds .  Key problems i n  meeting such 
requirements, however, are t o  provide a minimum-weight surface 
and t o  support  it with a s t r u c t u r e  st iff  enough t o  allow cont ro l  
of i t s  o r i en ta t ion .  

I n  these  cases, the shading o r  sh ie ld ing  surface would be 
segmented i n t o  gores  which could be fu r l ed  e i t h e r  about the  hub 
o r  about t h e  r i m  segments of the spoked wheel. They would then 
be unfurled from those components and tensioned between the  
rim segments and t h e  hub as the  w h e e l  is  deployed. This same 
method of deploying p lanar  sur faces ,  as it app l i e s  t o  s o l a r -  
cel l  a r r ays ,  is  descr ibed below i n  g r e a t e r  d e t a i l .  

So la r - ce l l  arrays.- There is  well-publicized speculat ion 
regarding space deployment of  extremely l a r g e  a r r ays  of s o l a r  
cells f o r  the purpose of generat ing electrical power fo r  domestic 
usage. Whether such a method i s  economically f e a s i b l e  i s  doubt- 
f u l  unless  major technological  advances are made i n  a number of 
a reas ,  including t h a t  of  deployable s t r u c t u r a l  design. Large 
so la r - ce l l  a r r ays  are a l s o  being considered, however, t o  f u l f i l l  
growing power requirements f o r  space equipment. Arrays have 
proven t o  be a f e a s i b l e  way of s a t i s f y i n g  t h i s  requirement. 

Large b lankets  of s o l a r  cells  could be fabr ica ted  i n  gores  
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and, as noted previously,  stowed f o r  launching by being fu r l ed  
about t h e  hub o r  r i m  segments, For smaller a r r ays ,  t he  hub 
might be designed t o  have a s u f f i c i e n t  diameter so t h a t  the  gores  
could be fu r l ed  about it. But f o r  l a r g e r  a r rays ,  the r i m  segments 
might be s u f f i c i e n t l y  l a rge  so t h a t  t he  gores  could be individu-  
a l l y  fu r l ed  about t h e m .  T h i s  l a t te r  scheme is  depicted i n  
Figure 5 ,  where t h e  w h e e l  i s  shown p a r t i a l l y  deployed. An 
eight-s ided r i m  i s  shown i n  t ha t  f igu re  only f o r  t h e  sake of 
c l a r i t y  i n  present ing t h e  concept. The same system is  shown 
f u l l y  deployed i n  Figure 6. 

One of the p r i n c i p a l  requirements of an a r r ay  of s o l a r  cells  
i s  t h a t  it be kept  sun-oriented so  t h a t  it can e f f i c i e n t l y  
generate  e l e c t r i c i t y .  A con t ro l  system maintains the  o r i en ta t ion ,  
and, genera l ly ,  t h e  maximum frequency t o  which t h e  cont ro l  system 
responds i s  smaller than t h e  lowest,  fundamental, na tu ra l  v ibra-  
t i o n a l  frequency of the s t r u c t u r e .  Resonances and adverse i n t e r -  
ac t ions  between t h e  s t r u c t u r e  and the  con t ro l  system are thus  
avoided. 

However, demands f o r  s t r u c t u r e s  t o  support  l a r g e  areas, 
and demands t o  minimize the  weight of such s t r u c t u r e s ,  w i l l  tend 
t o  cause the  v i b r a t i o n a l  f requencies  of t he  system t o  be lowered. 
A s  a r e s u l t ,  t h e  requirement t h a t  the v i b r a t i o n a l  f requencies  
be g r e a t e r  than the cont ro l  frequency dominates t h e  s t r u c t u r a l  
design,  To m e e t  t h i s  requirement with boom-deployed a r r ays  
(see R e f s .  1, 2 ,  3 and 4 ) ,  t h e  rectangular  b lankets  are tensioned 

between b a r s ,  r e s u l t i n g  i n  compression of t he  booms t h a t  hold 
the  b a r s  apa r t .  For an a r r ay  deployed by a spoked wheel, the 
blanket  gores  would a l s o  be tensioned,  and t h i s  would induce r i m  
compression. 

I n  t h i s  case of a spoked-wheel s t r u c t u r e ,  blanket  tension 
could be appl ied and maintained i n  seve ra l  ways, e i t h e r  during 
o r  a f t e r  deployment of the s t ruc tu re .  For example, a negator  o r  
o ther  types of spr ings  could be employed t o  resist unro l l ing  of 
the gores  from t h e  hub o r  r i m  segments; o r  halyards  a t tached t o  
the  gores  could deploy and tension them a f t e r  r i m  deployment. 

I n  any tensioning scheme, e q u i l i b r a t i n g  compression forces  
would be induced i n  the r i m  of t h e  spoked wheel: and the r i m ,  
spokes, and hub must be designed t o  withstand those induced 
forces .  That procedure i s  given i n  t h e  following sec t ion  which 
presents  design analyses  f o r  s o l a r  a r rays .  

12 



Figure  5 .  Sola r -Ce l l  Gores P a r t i a l l y  Deployed by 
Spoked-Whee 1 S t r u c t u r e  
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Figure 6. Solar -Cel l  Gores Fu l ly  Deployed by 
Spoked-Wheel St ruc tu re  
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DESIGN ANALYSES FOR SOLAR ARRAYS 

A parametric design ana lys i s  is summarized below. From it, 
s t r u c t u r a l  weight f r a c t i o n s  are ca lcu la ted  f o r  t he  spoked wheels 
which support  s o l a r - c e l l  a r rays .  These s t r u c t u r a l  weight frac- 
t i o n s  G are def ined as: 

where 

The 

1) 

3 )  

= t o t a l  s t r u c t u r a l  weight of t he  spoked wheel 

= t o t a l  weight of the  solar-cell blankets  i n  a 

wS 

wA system 

Assumptions 

following general  assumptions a r e  made i n  t h i s  ana lys i s :  

The general  s t r u c t u r a l  configurat ion and method f o r  
stowing and supporting the  t r i angu la r  b lankets  (gores) 
of s o l a r  cel ls  are shown i n  Figure 5 ,  and the  number of 
gores N can be any even in teger  t h a t  is  g r e a t e r  than 
o r  equal t o  four  (4)  . 
The length of t h e  hub of the  spoked wheel i s  equal t o  
t h e  length of t h e  r i m  segments ( L = H i n  Fig. 5 ) ;  and 
lengths  of t he  r i m  segments, spokes, and hub are calcu- 
l a t e d  as though they were l i n e s  of no thickness .  

Each gore of t h e  a r ray  is  tensioned throughout deploy- 
ment by t h e  amount necessary t o  maintain a constant  
v ib ra t iona l  frequency. 

Gore tensions a r e  supplied by t h e  deploying torques 
appl ied t o  the  rim-segment hinges.  

Each p a i r  of spokes at tached t o  a hinge po in t  i s  ten-  
sioned by an amount approximately equal t o  the gore 
tension,  which i s  a l s o  supplied by the  deploying torques.  

The design of a l l  t h e  s t r u c t u r a l  components of t h e  
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spoked w h e e l  i s  governed by t h e  requirements placed on 
t h e i r  s t i f f n e s s  r a the r  than on the s t r eng th  of t h e i r  
mater ia l s .  

7)  The t o t a l  s t r u c t u r a l  weight of  t he  spoked wheel i s  t h e  
sum of t h e  weights of the  four  components ( r i m  segments, 
spokes, motor-plus-block assemblies, and the  hub) . 

8) The b lanket  gores  are s tored  on the  r i m  segments. 

Addit ional  assumptjons are noted i n  t h e  following summary oE 
t h e  ana lys i s .  

Blanket Tension Requirement 

Figure 7 shows a p a r t i a l l y  deployed gore of the  so l a r - ce l l  
blanket :  it is seen t h a t  during deployment 

and 

E COS .e, 
t a n  a 2 x =  

N 

4 = 2 x  t an  N 

w h e r e  a 1 of these symbols are def ined by the  ,-mensions i n  
Figures 5 and 7 .  

I t  i s  assumed t h a t  f o r  purposes of ca l cu la t ing  the  v ibra t ion-  
a l  frequency of a gore,  the  gore acts  as a s t r i n g  whose weight pe r  
u n i t  length v a r i e s  l i n e a r l y  along i t s  length.  For a rim-stored 
gore,  the  value of t he  weight per  u n i t  length a t  t h e  r i m  is: 

w = mgd 

where m i s  t h e  b lanket  m a s s  per  u n i t  area and g i s  t h e  
acce lera t ion  due t o  grav i ty .  The fundamental v i b r a t i o n a l  f r e -  
quency of  such a s t r i n g  can be approximated as: 

16 



Figure  7 .  P a r t i a l l y  Deployed Gore of Blanket  and 
Segment of Support  S t r u c t u r e  
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where 

and 

f = vibrational frequency 

T = tension in the gore 

(Note that the above frequency is equivalent to that for a uniform 
string whose weight per unit length is the same as that at the 
midlength of this tapered string. A l s o  note that this frequency 
is larger than the exact solution for the assumed, idealized 
string by approximately 3%.) 

By substituting in this frequency equation the previously 
given expressions for w , x , and J, 8 the equation becomes: 

2 2  

3 3 m L cos e 

2T tan 
f 2 =  . " '  

The length of a rim segment L is related to the total area of 
the array A and the number of gores N by: 

By substituting the expression for L into the frequency 
equation, the blanket tension is determined as: 

3 cos 0 2 3/2 

N 3'2 tan 
4m f A 

1/2 T =  

Thus, the tension required to maintain a constant vibrational 
frequency increases throughout deployment: i.e., T increases 
as 0 goes from 90°, packaged, to O o ,  fully deployed. 
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Forces and Moments on the Structure 

Figure 8 shows the forces on a rim segment during deployment, 
and indicates that the radial component of the tensions in each 
pair of spokes is assumed equal to the gore tension. The number 
of gores that should be used in an efficiently designed system 
will be shown later to be sufficiently large to warrant the use 
of the following approximation in calculating the rim compression 
and rim moment: 

and 

sin a tan s a N N N  

TT 
N cos - = 1.0 

Then circumferential radial force C (see Fig. 8), necessary 
to equilibrate the tensions, is: 

The corresponding 

The moments, 

axial compression in a rim segment P is: 

shown in Figure 8, that must be applied to the 
rim segments in order to deploy them against the tensions in the 
gores and the spokes are those necessary to equilibrate the 
eccentrically acting compressive forces C . Therefore: 

TNL sin e 
2n M =  

By substituting the previous expression for T into the 
equations for M and P , these moments and forces are found 
in terms of the independent design parameters m , f , A and 
N and the deployment parameter 8 : 



C cos 

N 

C cos IL N 

Figure 8. Moments and Forces Acting on a 
R i m  Segment During Deployment 
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4 
COS. . ,,e 2 3/2 

IT N tan 

4m f.. A 
% % n  P =  

N 

2 2  3 4m f A cos e sin 8 
lTN 

M =  

The maximum value of the moment occurs at 8 = 30° , where: 

The maximum value of P occurs at 8 = Oo : however, at 
8 = 30° , P is 9/16 of its maximum value. 

Designs and Weights of Structural Components 

Rim seqments.- The rim segments are assumed to be circular, 
cylindrical aluminum tubes, and they must withstand the previously 
calculated loads. They are designed according to elastic stabil- 
ity considerations (which is consistent with the general assump- 
tion that material strength does not govern their design), The 
diameter of a rim-segment tube and the thickness of its walls 
are designed so that under the maximum bending moment the tube 
walls will not buckle locally, and under maximum axial loading 
the tube will not buckle in the Euler mode. In calculating this 
Euler-buckling mode of failure, the ends of the tube are assumed 
to be simply supported, that is, free to rotate but no t  to 
deflect. The two loadings are not assumed to act simultaneously, 
but the tubes are proportioned so that the magnitude of each 
type of loading is half of its respective ultimate buckling 
strength. 

Accordingly, the bending moment on a tube is equated to 
half of its bending strength, giving: 

2 t 
tk ER i; M = 1/2 7~ R 
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where R = tube radius 

t = tube wall thickness 

k = buckling coefficient 

= Young's modulus of tube material ER 

Equating the compressive load to half the Euler strength gives: 

3 3 
IT E R R  t 

2 P =  
2L 

The weight of a rim segment WR is: 

= 2n pR LRt wR 

where p = density of tube material 

These last three equations can be combined into an equation 
which relates WR , P and M , while eliminating t and R . 
When the foregoing expressions for the maximum bending moment, 
the axial load, and the blanket tension are substituted into 
that equation, the following equation is obtained: 

In this equation the following substitutions are also made: 

k = 0.1 (conservative value, see Ref. 8) 

= 172.8 pcf (pounds per cubic foot) for aluminum 

= 1.44 x 10 psf for aluminum 

PR 
9 

ER 

(Note that pound and foot units are used for these properties 
because the weight equation is later evaluated for the other 
parameters in terms of the same units.) 
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Spokes.- The spokes are taken t o  be steel tapes ,  and t h e i r  
design i s  governed by t h e  e las t ic  cons t r a in t  they must provide i n  
order  t o  prevent  t he  co ressed r i m  segments from buckling as a 
hinged l inkage.  I n  t h i  uckling mode, t h e  j o i n t s  of t he  r i m  
segments are assumed t o  hinge f r e e l y ,  so t h a t  these  j o i n t s  could,  
i f  unconstrained, d i sp l ace  i n  the  d i r e c t i o n  of the  hub ax i s .  
Therefore, t h e  compressed r i m  segments depend upon the t r u s s  
s t i f f n e s s  of t h e  spokes t o  prevent  such buckling. Since t h e  
a x i a l  compression of t h e  r i m  i s  a t  a maximum and the  t r u s s  
s t i f f n e s s  a t  a minimum when t h e  r i m  i s  f u l l y  deployed, t he  spokes 
are s ized  f o r  t h a t  condi t ion.  

The s t i f f n e s s  $ of a t r u s s  formed by a p a i r  of spokes i s  
readi ly  found as: 

w h e r e  = cross-sect ional  area of one spoke 
ASP 

ESP = Young's modulus of spoke material 

and where the hub length is equa l  t o  the length of a r i m  segment, 
as assumed i n i t i a l l y .  

The buckling s t r eng th  PCR of the compressed and hinged 
r i m  segments (assumed r i g i d  between hinges)  i s  shown i n  R e f e r -  
ence 9 t o  be: 

Theref or e - 3 2 L  
N ASP ESP s i n  'CR - 

is  : 
SP The weight of one spoke W 

L - PSP ASP 

wsP - 2 s i n  a N 
= 1/2 PCR : by combining the foregoing equat ions 

pMAx By making 

f o r  W and T : and by using the previous small-angle 
S P '  pMAx' 
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I7 
N '  approximation for sin - the weight of a spoke is determined as: 

-- 

In this equation the following sub itutions are made (for steel) : 

Motor.- From sales literature on electrical motors for space 
applications, and from design considerations of the intermediate 
blocks between rim segments, the following empirical formula was 
developed for the weight of the motor and block assembly located 
between adjacent rim elements: 

1/3 WM = 0.70 M 

where WM = motor-assembly weight, pounds 

M = design moment, foot-pounds 

By substituting into this formula the previous expression for the 
maximum deployment moment, the motor-assembly weight is determined 
as : 

2 2 1/3 mf A = 0.29 ( ) wM 

H2desiqn.- The hub is assumed to be a circular aluminum 
tube. It is designed to withstand axial compressive forces acting 
on it because of rocket launch accelerations. This hub tube is 
assumed to be a cantilever and it is assumed to be subjected to 
the inertial forces of all the other components of the system when 
they are undergoing an acceleration of 25 g's. Accordingly, the 
axial load on the hub is: 

= 25 (mgA -I- NWR + 2NWs + NWM) pH 

By an optimum design procedure similar to that used by Shanley 
(Ref. 10) , the weight of the hub is determined as: 
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= (&) 1/3 (4i;7I6 (2pH)2/5 - . 

wH ’H EH 

= density of hub material PH where 

= Young’s modulus of hub material 
EH 

and where the factor of two (2) before PH is the result of 
taking the buckling strength to be twice the applied load. For 
this aluminum cantilevered tube: 

k = 0.10 

c = 0.25 (buckling coefficient for a 
fixed-free column) 

= 172.8 pcf 
PH 

EH 
9 

= 1.44 x 10 psf and 

Structural Weight Fraction 

is wS The total structural weight of the spoked wheel 
calculated by summing the previously formulated component weights: 

ws = NwR + 2Nwsp + NwM + WH 

wA The total weight of the system is then 
= mgA . Ws -I- WA I where 

For a structure designed to support a prescribed payload as 
well as its own weight, a commonly used index of efficiency is 
the structural weight fraction designated here by G and defined 
as : 

-ws., 
w + ws G =  
A 
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Values of t h i s  index, as w e l l  as values  of ind iv idua l  component 
weights, a r e  presented i n  t h e  following sec t ion  of t h i s  r epor t .  
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RESULTS AND DISCUSSION 

Weights of the s t r u c t u r a l  components and t h e  s t r u c t u r a l  
weight f r a c t i o n s  G w e r e  ca l cu la t ed  using t h e  foregoing formulas 
wi th  the following va lues  f o r  t h e  parameters: 

6 2  
A = lo3 , lo4 , l o 5  and 10 f t  

N = 10 t o  40 

m g  = 0.30 , 0.10 and 0.030 psf  

f = 0.20 , 0.15 , 0.10 and 0.05 cps 

Figure 9 shows t y p i c a l  weights f o r  t h e  four  types of  s t ruc -  
t u r a l  components as they vary with t h e  number of gores  when t h e  
b lanket  area, t h e  weight pe r  u n i t  a r ea ,  and the v i b r a t i o n a l  
frequency are f ixed .  I t  is  clear i n  t h i s  f i g u r e  t h a t  N has a 
very s i g n i f i c a n t  effect  on the w e i g h t s  of t h e  ind iv idua l  s t ruc -  
t u r a l  components. With an increase  i n  N , weights of some of 
t h e  components increase  w h i l e  o t h e r s  decrease. This makes it 
c l e a r  t h a t  N has  an optimum value t h a t  w i l l  minimize t h e  t o t a l  
weight of t h e  s t r u c t u r a l  components, and thus  minimize the s t ruc -  
t u r a l  weight f r a c t i o n s .  

The ind iv idua l  weights of the components vary wi th  N (see 
Fig.  9) because of a combination of inf luences which are present  
i n  t h e  weight equat ions,  For ins tance ,  weights of t h e  r i m  
segments a r e  influenced g r e a t l y  by the tube s t r eng th ,  w h i c h  v a r i e s  
as 1/N2 ; however, rim-segment weights are a l s o  influenced by 
their  loading, of  which bending v a r i e s  as 1 / N  and compression 
is  inva r i an t  w i t h  N . The combined r e s u l t  i s  a decrease i n  t h e  
r i m  weight when N is increased. Contrariwise,  the spoke 
weight increases  when N i s  increased,  l a r g e l y  because t h e  
t r u s s  s t i f f n e s s  of t h e  spokes varies with the  cube of t h e  angle 
between t h e  two spokes w h i c h  comprise the t r u s s .  That angle i s  
2n/N f o r  the assumed proport ions L = H . 

Figure 10 shows s t r u c t u r a l  weight f r a c t i o n s  versus  N f o r  
t h e  t h r e e  d i f f e r e n t  va lues  of mg when A = lo4 f t 2  and when 
f = 0.20 cps , Optimum va lues  of N , which minimize G , are i n  
t h e  v i c i n i t y  of 20 o r  30 (only even numbers are admissible) f o r  
t h e  t h r e e  b lanket  d e n s i t i e s .  Figure 11 is  a graph of G versus  
N f o r  t h e  several d i f f e r e n t  b lanket  areas. It  shows t h a t  t h e  
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optimum values  of N occur i n  t h e  same v i c i n i t y  Figure 10 
dep ic t s ,  even when A v a r i e s  widely. 

Accordingly, f o r  a prescr ibed v i b r a t i o n a l  frequency, t h e  
minimum values  of s t r u c t u r a l  weight f r a c t i o n s  vary with t h e  
blanket  area and densi ty .  This i s  depicted i n  Figure 12, where 
the  weight f r a c t i o n s  are seen t o  increase  s i g n i f i c a n t l y  with both 
an increase i n  t h e  blanket  area and a decrease i n  the  densi ty .  

The e f f e c t s  of varying the  v i b r a t i o n a l  frequency of t h e  
system w e r e  a l so  inves t iga ted .  The r e s u l t s  are shown i n  Fig- 
u r e  13, where, f o r  mg = 0.10 psf  , values of t h e  s t r u c t u r a l -  
weight f r a c t i o n s  are p l o t t e d  versus  f requencies  and the  area of 
t h e  blanket .  The weight f r a c t i o n s  i n  Figure 13 are t h e  calcu- 
l a t e d  minimum values .  These values  occur ,  again,  a t  values  of  
N between 20 and 30. A s  might be expected, t he  weight f r a c t i o n s  
decrease as t h e  blanket  f requencies  (hence the tens ions)  
decrease. 

I n  Figure 14, t h e  e f f i c i ency  of e l e c t r i c a l  power output  
f o r  the spoked-wheel s o l a r  a r rays  covered by the  previous graphs,  
is p l o t t e d  aga ins t  blanket  area and v i b r a t i o n a l  frequency. The 
e f f i c i ency  is given i n  w a t t s  per  pound of t o t a l  weight of t h e  
s t r u c t u r e  and the  blanket .  The ca l cu la t ions  i n  Figure 14 are 
based on an assumed so la r - ce l l  power output  of 10 W / f t 2  , and a 
blanket  weight of 0 .1  l b / f t2  . Also shown i n  Figure 14  are four  
d i f f e r e n t  solar-array systems: 
LMSC ( R e f .  3 )  ( a l l  of which have been fabr ica ted  t o  some e x t e n t ) ,  
and J P L  0 which is the prel iminary r e s u l t  of a JPL-sponsored 
study by General E l e c t r i c  e n t i t l e d  Feasibil i ty Study of 110 W/kq 
Lightweiqht Solar,Array,.  I t  i s  evident  from Figure 1 4  t h a t  
e f f i c i e n c i e s  t h a t  might be extrapolated f o r  t he  spoked-wheel 
systems a r e  much g r e a t e r  than those of the  ex i s t ing  boom-deployed 
designs.  However, direct  comparison should not  be made between 
the e f f i c i e n c i e s  of t he  smaller-area, boom-deployed designs and 
the  spoked-wheel ones. The e f f i c i ency  tha t  might be extrapolated 
f o r  a 250-ft2, spoked-wheel design,  f o r  instance,  would probably 
be much g r e a t e r  than can be rea l i zed ,  because motor weights,  
tube proport ions,  and spoked s i z e s  would be imprac t ica l ly  small. 
Hence, the  spoked-wheel concept should be considered e f f i c i en t  
and p r a c t i c a l  only f o r  l a r g e r  areas .  

FRUSA ( R e f  . 1) , J P L  0 ( R e f  . 2 ) ,  

The e f f i c i ency  of the LNSC/NASA system, which is  shown i n  
Figure 1 4 ,  was s i g n i f i c a n t l y  influenced by the requirement t h a t  
t h e  system be able t o  spin.  The b a s i s  f o r  t h i s  requirement w a s  
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t h a t  a r t i f i c i a l - g r a v i t y  experiments would be performed by spinning 
t h e  space laboratory while por t ions  of i t s  s o l a r  a r r ays  w e r e  
extended. Therefore, i t s  e f f i c i ency  is somewhat less than i f  
i t s  design had been governed by the  s a m e  c r i t e r i a  as  are appl ied 
here  t o  spoked-wheel systems. 

The JPL @ system indicated i n  Figure 14 is  the. most e f f i c i e n t  
of a l l  the  e x i s t i n g  designs.  Therefore, it i s  considered t o  be 
a reasonable datum f o r  ex t rapola t ing  e f f i c i e n c i e s  f o r  l a rge r  
systems of t h a t  type of boom-deployed, rectangular  s o l a r  array.  
That ex t rapola t ion  i s  shown, i n  Figure 15 as a p l o t  of eff ic iency;  
versus  blanket  area.  The following sca l ing  l a w s ,  as der ived 
i n  Appendix B ,  are used f o r  the ex t rapola t ion  of the J P L  @ system: 

and 

Eff ic iency i n  t e r m s  of  w a t t s  per  pound is  related t o  the s t r u c -  
t u r a l  weight f r a c t i o n  by 

Eff ic iency = (1 - G) 100 
2 2 f o r  a lO-W/ft , 0.1-lb/ft  system. For t h e  above sca l ing  l a w s  

1 
G =  1 

J. 

l / 4  
1 +  

XA 

where K 

Also 
i n  Figure 

is  a constant  t o  be evaluated a t  the  datum. Then 

' * ( W / l b )  
100 

1/4 
Efficiency = . . 

1 + K A  

shown i n  
14 whose 

and which, a t  A = 

Figure 15 is t h a t  set of spoked-wheel designs 
frequencies  and areas  obey the sca l ing  l a w  

3 10 ft2 , has v i b r a t i o n a l  f requencies  of 
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0.2 cps. Note that for the blankets of all .these spoked-wheel 
designs, 
is clear from comparison with the spoked-wheel and boom-supported 
performance data shown in Figure 15 that the spoked wheel remains 
much more efficient through the indicated range. Note also that 
the difference in efficiency would be even greater f the frequen- 
cies of the two systems were the same at the 1000-ft2 datum of 
each. 

mg = 0.10 psf , and the power output is 10 W/ft2. It 

It is reemphasized that the spoked-wheel design data pre- 
sented in the foregoing graphs are based on a number of simplify- 
ing assumptions, i.e., that the hub has the same length as a rim 
segment: that both the hub and rim are monocoque tubes; and 
that the hub, as a column, supports practically the entire system 
weight under 25-g launch loads. For very large area arrays 
these results can lead to impractical designs: for instance, 
for A = lo6 ft2 , the tube length becomes very long at 
L S 120 ft. Both the tube lengths and weights could be signifi- 
cantly reduced by incorporating stiffened tube designs and by 
lengthening the hub (possibly by usin a deployable boom as a 
hub). Therefore, for areas of lo6 ft and larger, a shift in the 
structural technology is again recommended. That is, spin 
stiffening might be used, or multiple spoked wheels with tetra- 
hedral interconnected structures might prove more practical than 
a single spoked wheel. Another solution for very large areas 
might be the Heliogyro concept (described in Ref. 12) which 
spins and utilizes solar pressure for attitude control. 

s 

An example one-megawatt design of 
was considered which had the following 

5 2  A = 10 ft 

the spoked-wheel 
properties: 

system 

mg = 0.1 psf 

N = 30 

2 output = 10 W/ft 

Using the datum of f = 0.2 cps at A = lo3 ftL , the previously 
cited relationship between blanket area and vibrational frequency 
gives 

f = 0.063 cps 
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From Figure 15, t h e  output  e f f i c i e n c y  of this system is seen t o  
be about 74 W / l b .  
t h e  rim-segment w e i g h t  i s  ca l cu la t ed  as: 

From t h e  design formulas presented previously,  

WR = 40.46 l b  

o r  NWR = 1214 lb 

The spoke weight is: 

o r  

A motor weight is: 

or 

Wsp = 10.35 lb 

2NGysp = 621 lb  

WM = 4.65 lb 

NwM = 139.5 lb  

And t h e  hub weight is: 

WH = 1460 lb  

The t o t a l  weight of t h e  system, including t h e  10 000-lb b lanket ,  
is then: 

= 13 435 lb  
W~~~~~ 

A r i m  segment and t h e  hub have a length  of :  

L = 37.4 f t  

T h e  diameter of a r i m  segment is about 3.2 i n ,  and i ts  w a l l  
th ickness  i s  about 0.090 i n .  A b lanket  t ens ion  of about 29.3 lb  
is  required f o r  a v i b r a t i o n a l  frequency of 0.063 cps. That 
tens ion  a l s o  induces i n  t h e  r i m  segments a maximum bending 
moment of 1 7  000 f t - l b  and a maximum a x i a l  compression of 280 lb .  
The hub diameter is about 30 i n .  and i ts  w a l l  th ickness  i s  about 
0.30 in .  

For these  loads  and component s i ze s ,  none of t h e  stresses 
are excessive. 

A sketch of t h i s  example design i n  i t s  packaged and deployed 
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configurat ions is  shown i n  Figure 16. The hub as shown i n  t h i s  
f igu re  has  a diameter of 60 in .  (enlarged from t h e  ca lcu la ted  
30 in.)  t o  accommodate reels and other  mechanisms f o r  operat ing 
t h e  system. When packaged, the system is  seen t o  be s m a l l  enough 
f o r  Space S h u t t l e  launch. Note t h a t  t h e  b lankets  could have 
been designed t o  wrap about t h e  hub, and t h i s  would have made an 
even more compact r e t r a c t e d  package. Note a l s o  t h a t  f o r  Space 
Shu t t l e  launching, the hub could be designed t o  be much l i g h t e r .  
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CONCLUDING REMARKS 

The preliminary design study f o r  deploying l a rge  s o l a r  
a r r ays  with spoked-wheel s t r u c t u r e s  shows t h a t  these  spoked-wheel 
designs are s u b s t a n t i a l l y  more e f f i c i e n t  f o r  deploying l a rge  
a r rays  than are designs which employ booms. T h i s  advantage is 
shown, even though t h e  present  design ana lys i s  incorporates  
assumptions t ha t  are probably unduly conservat ive,  s ince:  

A smaller s a f e t y  f a c t o r  than 2.0 between loads and 
buckling s t r eng ths  might be used. 

The assumed spoke pre-tension might be reduced, i n  order  
t o  reduce the r i m  loads and, accordingly,  the rim 
weights. 

Especial ly  f o r  very l a rge  a r rays ,  the  r i m  segments and 
hub should be of s t i f f e n e d  construct ions r a t h e r  than 
t h e  assumed unst i f fened tubes.  

When deployed, t h e  hub could be much longer i f  made a 
deployable boom. A s  a r e s u l t ,  t he  spokes could more 
e f f i c i e n t l y  provide s t i f f n e s s  f o r  s t a b i l i z i n g  the  r i m ,  
and t h e  hub i t se l f  could be of a l i g h t e r  weight. 

The deployable spoked-wheel s t r u c t u r e  i s  a f e a s i b l e  and 
p rac t i cab le  concept,  and appears t o  have exce l len t  p o t e n t i a l  f o r  
deploying large-area equipment t h a t  must  be s t r u c t u r a l l y  manage- 
able .  Fu r the r  i nves t iga t ion  seems warranted f o r  u s e  i n  such 
appl ica t ions  as antennas,  r e f l e c t o r s  and o ther  equipment requir ing 
the  deployment of very l a rge  surface areas .  
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APPENDIX A 

DEPLOYMENT OF A SEGMENTED RIM WITH ONE HINGE PER J O I N T  

Introduct ion 

The main t e x t  has descr ibed t h e  design and deployment 
kinematics f o r  t h e  segmented r i m  of a spoked wheel des igned-  
t o  have t w o  hinges per j o i n t  between r i m  segments. However, 
it is  a l so  kinematical ly  poss ib le  t o  deploy a segmented r i m  
which has only one hinge per  j o i n t ,  I n  t h e  one-hinge design,  
t he  packaged and f u l l y  deployed configurat ions of the r i m  are 
t h e  same as those for the  concept u t i l i z i n g  t w o  hinges: however, 
t he  deployment kinematics a r e  d i f f e r e n t .  P o t e n t i a l l y ,  t h i s  one- 
hinge concept has manufacturing advantages over t he  two-hinge 
concept, 

The inves t iga t ion  presented here  determines how the  one- 
hinge design should be o r i en ted  and def ines  the  r i m  motions 
t h a t  occur during deployment. 

Analysis 

Some c h a r a c t e r i s t i c s  may be deduced r a t h e r  simply. If  t h e  
r i m  m e m b e r s  are a l l  equal i n  length and approximate a circle 
when deployed, t he  angle  between t h e  axes of ad jacent  elements 
is 2n/N where N is the  number of r i m  elements. The angles 
between t h e  hinge axis and t h e  axis  of ad jacent  elements m u s t  be 
equal t o  each o ther  so t h a t  t h e  p a r a l l e l  packaged condi t ion is 
pos s ible . 

L e t  us designate  t h e  o r i e n t a t i o n  of t h e  hinge a x i s  by a 
and fl , where a is t h e  c o l a t i t u d e  and p is the  longitude 
of t h e  hinge ax is .  W e  assume t h e  deployed r i n g  t o  be e q u a t o r i a l  
and measure fl for each element from t h e  d i r e c t i o n  of i t s  r igh t -  
hand end. Then t h e  aforementioned e q u a l i t y  of angles  requi res  

I a t  t he  right-hand hinge @ = - - -  n n  
2 N  

I n n  
2 N  = -  + - a t  the  left-hand hinge 
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W e  want t o  consider a deployment motion t h a t  i s  as symmet- 
r ic  as possible .  
should describe exac t ly  the  s a m e  motion wi th  r e spec t  t o  i t s  
deployed meridian, It can be shown t h a t  i f  one a l t e r n a t e  set  of 
hinge axes i s  constrained t o  follow t h e  ind iv idua l  deployed 
meridians,  then t h e  o the r  set of hinges a lso does so, Since t h e  
c o n s t r a i n t  only involves a rigid-body motion of t h e  assembly, it 
can be imposed without loss  of genera l i ty .  

Thus w e  r equ i r e  t h a t  every second hinge a x i s  

The symmetry assumption allows the  complete s p e c i f i c a t i o n  ’ 

of the  state of t h e  assembly i n  t e r m s  of t h e  s ta te  of a s i n g l e  
r i m  element. Such an element is shown i n  Figure A-1, together  
with t h e  coordinate  systems, The ( X ,  Y ,  Z )  system i s  i n e r t i a l l y  
f ixed;  t h e  (x, y, z )  system is  f ixed  t o  t h e  element. Eular ian 
angles  $ , 0 , and cp spec i fy  t h e  o r i e n t a t i o n  of the  lower- 
case system wi th  r e spec t  t o  t h e  upper-case system. 
i s  the  r o t a t i o n  around t h e  r e s u l t i n g  y-axis; t he  angle  cp is 
t h e  r o t a t i o n  around the  r e s u l t i n g  (and f i n a l )  x-axis. (These 
angles are t h e  s a m e  as those of p i t c h ,  r o l l ,  and yaw i n  a i r -  
craft terminology.) The transformations from (x, y,  z )  t o  
( X ,  Y, Z )  are: 

The angle $ 

X 

Y 

Z 

s i n $  cos0 

- sin0 - 

The rad ius  

( -  s i n $  cos0 
+ cos$ s i n e  sincp) 

(cos$ coscp 
+ s i n $  s in0 sincp) 

cos0 sincp 

R t o  t h e  center  of 

( s i n $  sincp 
+ cos$ sin9 coscp) 

( -  cos$ sincp 
+ s i n $  s ine  coscp) 

(A-2 1 

t he  bar is  r e l a t e d  t o  the  
bar length 4, and t h e  angles 0 and $ by 

N .3 .LA1 

(A-3) 
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Figure A-1. Rim Element and Coordinate System 

42 



L e t  a1 be t h e  c o l a t i t u d e  of t h e  right-hand hinge. The 
d i r e c t i o n  cos ines  of t h i s  hinge axis are then  ( s i n a l  s in6  

J 

s i n a l  cos6 , cosal) wi th  respect t o  t h e  body axes,  where 
6 = n/N . With r e s p e c t  t o  f i x e d  axes they  are 

‘r (A-4) 

= ( s in6  cos$ cos0 - cos6 s i n $  coscp $X 

1 + cos6 cos$ s in0  sincp) s i n a  

+ ( s i n $  sincp + cos$ s i n 0  coscp) cosa 1 

= ( s in6  s in$  cos0 + cos6 cos$ coscp $Y 

1 + cos6 s i n $  s in0  sincp) s i n a  

+ ( -  cos$ sincp + s i n $  s i n 0  coscp)  COS^ 1 

1 = ( -  s in6  s i n e  + cos6 cos0 sincp) s i n a  % 
+ cos0 coscp C0Scll 

For t h e  hinge on t h e  lef t -hand end, t h e  same process  y i e l d s  

= ( -  s in6  cos$ cos0 - cos6 s i n $  coscp % 
2 + cos6 cos$ s i n 0  sincp) s i n a  

+ ( s i n $  sincp + cos$ s i n 0  coscp) cosa2 

= ( -  s in6  s i n $  cos0 + cos6 cos$ coscp .4k } (A-5) 

2 + cos6 s i n $  s i n e  sincp) s i n a  

+ ( -  cos$ sincp + s i n $  s i n 0  coscp) cosa 2 

2 $ = ( s in6  s in0  + cos6 cos0 sincp) s i n a  
z 

J + cos0 coscp cosa 
2 
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where a i s  t h e  c o l a t i t u d e  of t h e  left-hand hinge axis .  2 

A s  pointed ou t  previously,  we r equ i r e  t h a t  t h e  right-hand 
hinge a x i s  remain on t h e  same meridian. This requi res  

.e cos6 = s in6  
X Y 

The r e s u l t  i s  

2 2 
0 = ( s in6  cos6 cos$ cos0 - s i n  6 s i n $  cos0 - cos 6 s i n $  coscp 

2 - s in6  cos6 cos$ coscp + cos 6 cos$ s in0  sincp 

- s in6  cos6 s i n $  s i n e  sincp) s i n a l +  (cos6 s i n $  sincp 

i- sin6 cos$ sincp + cos6 cos$ s i n e  coscp 

(A-6) 

1 - s in6  s i n $  s i n e  coscp) cosa 

For the  left-hand hinge, the  r e s u l t  is  t h e  same except t h a t  
6 is replaced by -6 and a by a2 . 

I f  we p i ck  values  fo r  a and 

1 

1 can be s a t i s f i e d  by properly s e l e c t i n g  I/I and cp for  each 8 
between 0 and rr/2 . This process ,  however, may n o t  y i e l d  
r e s u l t s  f o r  some ranges of 0 due t o  t h e  l i m i t s  on t h e  trigonom- 
e t r i c  functions.  If a1 and a2 are s e l e c t e d  as rr/2 , f o r  
ins tance ,  examination shows t h a t  sin20 must be less than 
1/4 cos26 . 

, then t h e  t w o  equat ions 
a2 

I n  order  t o  i n v e s t i g a t e  f u r t h e r ,  l e t  us consider  t h e  case 
where a2 = TT - a1 . Then t h e  terms i n  t h e  left-hand and r i g h t -  
hand equations are t h e  s a m e  except for  sign. 

Col lec t ing  same-sign and opposite-sign t e r m s  g ives  

2 2 

2 

( - s in  6 s i n $  cos8 - cos 6 s i n $  coscp 

+ cos 6 cos$ s i n e  sincp) s i n a  

-I- (cos$ sincp - s in$  s i n e  coscp) s in6  cosa = 0 

1 

1 
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and 

(A-8) 
1 (cos$ cos9 - cos$ coscp - s i n $  s i n e  sincp) s in6  s i n a  

+ ( s i n $  sincp + cos@ s in9  coscp) cosa = 0 1 

The determinant  of t h e  c o e f f i c i e n t s  of s i n $  and cos$ 
must be ze ro  fo r  a s o l u t i o n  t o  be poss ib l e .  Thus 

2 
1 cos 6 s in9  sincp s i n a  2 2 

1 (-sin 6 cos9 -cos 6 coscp) s i n a  

1 + s in6  sincp  COS^ 1 - s i n 6  s in9  coscp  COS^ 

1 s in6  (cos8- coscp) s i n a  

+ s i n e  coscp  COS^ 

3 - s in6  s i n e  sincp s i n a  

+ sincp cosal 1 

Tr I f  we s e t  9 = - , we g e t  2 

I (cosa  - s in6  s i n a  sincp 1 1 

2 
1 

1 

(cos 6 s i n a  

+ s in6  cosa ) sincp 

= o  

:A-9) 

= o  

Expanding g ives  

Thus, a candida te  des ign  hinge axis would have 

cos% sins 
s ing  1 cosa = - 1 

(A-12)  
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The o the r  p o s s i b i l i t y  leads t o  complicated motions. 

I n  order t o  assure  t h e  v a l i d i t y  of such a hinge axis angle ,  
we must determine t h e  manner i n  which t h e  var ious coordinates  
change during t r a n s i t i o n  between 8 = 0 and n/2 . 

Using Equation (A-12)  i n  Equation (A-9) and expanding y i e l d s  
\ 

2 2 2 2 2 
COS 6 cos 8 COS cp-sin 6 [cos 6 (1+ s i n e ) - s i n e l  cos8 COST 

- (1- s i n e )  (1- 2 s i n  6 cos 6 +  s i n  6 s i n e )  = 0 2 2 2 (A-13)  

The so lu t ion  of t h i s  quadra t ic  equation y i e l d s  t w o  values  
for  coscp . W e  pick t h e  branch f o r  which coscp = 1 for  8 = 0 . 
This branch, of course, y i e l d s  t w o  values for cp ( p o s i t i v e  and 
negat ive) .  Both r e s u l t s  have meaning. 

S u b s t i t u t i n g  Equation (A-12)  i n t o  Equation (A-7) allows the 
determination of I) . Thus 

s incp 
2 COS e  tan^ = - 

cosy + t a n  6 - sine 

(A-14) 

Choice of p o s i t i v e  or  negat ive values  f o r  cp produces negat ive 
or p o s i t i v e  values for $ . 

R e s u l t s  are shown i n  Figures A - 2 ( a ) ,  ( b ) ,  ( c ) ,  and ( d )  f o r  
N = 4 ,  6 ,  10 ,  and 90, respec t ive ly .  I n  these  f igu res  t h e  values 
of cp and t h e  corresponding values of I) are p l o t t e d  versus 8. 

Note t h a t  real  r e s u l t s  are obtained i n  a l l  cases f o r  the 
complete range of 8 from Oo t o  90° . Note t h a t ,  on the 
o the r  hand, negat ive values  of 8 are n o t  included. Indeed, an 
i m p l i c i t  assumption of p o s i t i v e  8 w a s  introduced i n  t h e  
development lead ing  t o  Equation ( A - 1 2 ) .  Examination shows t h a t  
t h e  s ign  of 8 m u s t  be opposi te  t o  t h e  s i g n  of cosal (see 

1 Eq.  ( A - 9 ) ) .  The assumption a2 = n - a1 implies t h a t  cosu 
r e t a i n s  i t s  magnitude b u t  switches s i g n  from m e m b e r  t o  m e m b e r  
around t h e  r i m .  So, t he re fo re ,  does 8 . Examination of 
Equations (A-7) and (A-8) shows t h a t  holding t h e  s ign  of cp 
cons tan t  b u t  switching t h e  s igns  of 0 , $ , and cosal leaves 
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t h e  equations unchanged. Therefore, a l l  kinematic condi t ions 
are s a t i s f i e d  and the deployment is  feasible. 

C h a r a c t e r i s t i c s  of Deployment 

The manner i n  which the  deployment proceeds can be deduced 
f r o m  Figure A-2. For l a r g e  values  of N (see Fig. A-2(d)),  t h e  
elements e x h i b i t  l a rge  v a r i a t i o n s  of r o l l  (cp) and yaw ( 4 )  f o r  
very s m a l l  changes i n  p i t c h  ( 0 ) .  The planform of t h e  p a r t i a l l y -  
deployed r i n g  thus  looks l i k e  an N/2 pointed s ta r  with r i g h t -  
angle  points .  A s  t h e  p i t c h  angle  0 decreases ,  t h e  "star" grows 
i n  s i z e  and i ts  p o i n t  angles become more obtuse. F ina l ly ,  t h e  
elements a l l  become l e v e l  i n  t h e  f i n a l  N-sided regular  polygon. 

These c h a r a c t e r i s t i c s  can be seen i n  Figure A-3. A ten- 
s ided  model w a s  constructed and photographed i n  various s t ages  
of deployment. The s te l la te  na ture  of the deployment is  apparent. 

The proper loca t ion  of t h e  hinge a x i s  can be accomplished i n  
a r a t h e r  s t ra ight forward  fashion. The mating ends of the ele- 
ments are geometr ical ly  l i k e  an upward poin t ing  t runcated wedge 
with inner  and ou te r  s i d e s  a t  an angle 6(= n/N) t o  the  v e r t i c a l .  
These mating ends are then faced o f f  t o  produce the proper m i t e r .  
Hinges are then mounted a l t e r n a t e l y  on the  in s ide  and outs ide  
s loping s ides .  The  wooden model shown i n  F i g u r e  A-3 w a s  con- 
s t r u c t e d  wi th  uniform-wedge elements. I n  ful l -scale  hardware, 
o f  course,  only t h e  ends need t o  be so t r ea t ed .  The remainder of 
t h e  element needs t o  be shaped i n  such a fashion only t o  permit 
appropr ia te  nes t ing  f o r  stowage. 

The s te l la te  character of deployment may present  problems 
with r e spec t  t o  i n t e r f a c i n g  wi th  o ther  por t ions  of the  system. 
For t h i s  reason, o the r  poss ib le  hinge arrangements w e r e  par- 
t i a l l y  invest igated.  Although a complete study w a s  no t  made, it 
appears t h a t  a l t e r n a t i v e  o r i e n t a t i o n s  would produce even more 
complicated motions. Apparently, t he re fo re ,  the hinge geometry 
s tudied  here in  i s  t h e  s imples t  poss ib l e  way of cons t ruc t ing  a 
deployable mult is ided r i m .  
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APPENDIX B 

SCALING LAWS FOR SOLAR ARRAYS 

The vibrational frequency of a rectangular solar-cell 
blanket is directly proportional to its tension and inversely 
proportional to the square of its length: hence: 

When the array is unidirectionally tensioned between two bars, 
and when the bars are kept separated by an efficiently designed 
tubular boom, Euler-buckling considerations will govern the 'boom 
design. Therefore, 

I 

L 
T a y  

where I is the section moment of inertia for the boom. For a 
furlable, tubular boom, the thickness-to-diameter ratio of the 
boom will be approximately constant (see Ref. 11) . Therefore, 

where 

The boom 

d = boom diameter 
2 is proportional to d L , so that wB weight 

The weight of 
boom -dep loyed 
to the weight 

all the components comprising the structure of a 
solar array is estimated to be directly proportional 
of its boom. Therefore, 

U wB 
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This leads  t o  

2 
However, t he  blanket  area is proport ional  t o  L . 

Accordingly, 

The s t r u c t u r a l  weight f r a c t i o n  G can then be scaled as follows: 

1.. , )  

1/2 
K G = .  

1 +  
fA 

w h e r e  K i s  a constant  t h a t  can be evaluated from the  p rope r t i e s  
of a known s o l a r a r r a y  system. This sca l ing  l a w  may be used i f  
the frequency i s  t o  remain the same f o r  t he  scaled system. 

However, assume t h a t  the  primary reason f o r  specifying the  
necessary v ib ra t iona l  frequency f o r  a s o l a r  a r ray  is t o  ensure 
t h a t  the a r r ay  does not  resonate  wi th ,  o r  otherwise adversely 
i n t e r a c t  with,  t h e  con t ro l  system. Further ,  assume t h a t  t h e  
primary funct ion of t he  cont ro l  system is t o  keep t h e  s o l a r  a r r ay  
sun-oriented wi th in  a prescr ibed angular  accuracy p . Control  
torques 7 appl ied t o  such a system are: 

where p = rad ius  of gyrat ion of t he  system 

But assume 1/2 
P a A  

Also assume t h a t  t he  con t ro l  impulses a r e  cyc l ic :  then 

where f = frequency of impulses 
C 

Then 
2 2  

7 a m A f  C p 

A s s u m e  t h a t  t he  con t ro l  torques m u s t  counteract  and be 
d i r e c t l y  proport ional  t o  the per turbing torques on the system. 
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Finally, assume that the latter are proportional to the mass of 
the system times a characteristic dimension of it. This leads to: 

This proportionality may apply, for example, to gravity-gradient 
torques, or to solar pressure acting eccentrically: 

3/2 
T U A  

For a scaling law that applies to either type of perturbing 
torque, the mass density of the blanket is omitted from considera- 
tion. Also note that the blanket density can be expected to 
be a constant, i.e., a function of the state of technology and 
not of the scale. Then: 

2 1 
C 
f 

A reasonable criterion for the vibrational frequency of the 
system is: 

f - = constant f 
C 

Also, 8 may be prescribed independent of A . Accordingly, 
-1/4 

f a A  

The structural weight fraction for the boom-deployed type of 
solar-array system can then be scaled as fol lows:  

where size-independent values of m and p are prescribed. 
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